C orticosteroids have been used widely for the prevention and treatment of chronic lung disease in the neonatal period, with proven short-term benefits, including reductions of mortal-ity rates and rates of chronic lung disease. 1 The shortterm adverse effects of neonatal corticosteroids are also widely known, with increases in the incidences of hyperglycemia, arterial hypertension, gastrointestinal bleeding, and cardiac hypertrophy. 2 Neonatal corticosteroid treatment has been evaluated in relation to long-term neurodevelopmental outcomes. [3] [4] [5] Barrington, 6 in a meta-analysis, showed an increased risk for developing cerebral palsy and neurodevelopmental disabilities after postnatal corticosteroid treatment. Most of the studies reviewed used dexamethasone as the corticosteroid treatment. [3] [4] [5] Recently Short et al 7 described detailed neurodevelopmental outcomes at 8 years after neonatal bronchopulmonary dysplasia and found significantly poorer performance in IQ testing among infants treated with corticosteroids, compared with the nonsteroid group. The Vermont Oxford Network Steroid Group found a marginal increase in periventricular leukomalacia (PVL) among infants treated with dexamethasone. 8 These emerging long-term, neurologic, side effects prompted a statement by the American Academy of Pediatrics, which discouraged the routine use of corticosteroids, specifically dexamethasone, for the treatment of chronic lung disease among infants with very low birth weights. 9 Dexamethasone, a fluorinated glucocorticoid, was shown to deplete pyramidal and dentate granular neurons and to reduce hippocampal volume in animal studies. 10, 11 At the cellular level, neonatal dexamethasone administration was shown to alter permanently the composition and function of the hippocampal Nmethyl-d-aspartate receptor complex in rats. 12 Baud et al 13 described a specific neurotoxic effect of sulfites used as preservatives in intravenous dexamethasone preparations. Preliminary data on direct effects on structural brain development from three-dimensional quantitative MRI analyses showed significant reduction of cerebral cortical gray matter volume at term among preterm infants exposed to dexamethasone. 14 To date, there are few data on the use of alternative corticosteroids, such as hydrocortisone, for treatment in the newborn period. 15 A recent retrospective study comparing hydrocortisone and dexamethasone treatment in the newborn period showed fewer short-term and long-term adverse effects with hydrocortisone treatment. 16 The focus of this study was to determine whether neonatal systemic hydrocortisone treatment for chronic lung disease among preterm infants had any effect on structural brain development, development of the hippocampus, and neurofunctional outcomes at 8 years of age, with quantitative, volumetric, threedimensional MRI and neuropsychological assessments.
METHODS

Subjects
Three hundred seventy-five preterm infants born between March 1, 1991, and March 1, 1993, were recruited into a long-term follow-up study. They were born in or referred to the tertiary referral ICU at Wilhelmina Children's Hospital (Utrecht, Netherlands). They had a gestational age of Յ32 weeks and/or a birth weight of Յ1500 g. Sixty-four children (17%) died, and 28 (7.5%) were excluded because of congenital abnormalities and/or chromosomal disorders. Of the remaining 283 children, 22 children (7.8%) could not be traced and the parents of 25 children (8.8%) refused to participate. A total of 236 of the 283 children participated, yielding an inclusion rate of 83%. MRI was performed for all children and was successful for 226 children. During the last 6 months of the study period, quantitative, volumetric, three-dimensional MRI was added to the MRI protocol. The study presents the observations for this subgroup of 61 children who were evaluated with quantitative, three-dimensional, volumetric MRI. One child born preterm was excluded because of the presence of a large arachnoid cyst discovered on MRI scans.
At a mean age of 8 years 7 months (SD: 8.6 months), the prematurely born children were invited back to the hospital to undergo a cerebral MRI investigation and a detailed neurodevelopmental assessment. A group of 21 healthy term-born children were included in the study as a control group. At assessment, they had a mean age of 8 years 5 months (SD: 8.1 months). Of the 60 preterm children included in the MRI analysis, 25 children (mean gestational age: 28 Ϯ 1.62 weeks; mean birth weight: 1120 Ϯ 290 g) had been treated with hydrocortisone for chronic lung disease in the neonatal period, and 35 children (mean gestational age: 30.4 Ϯ 1.5 weeks; mean birth weight: 1400 Ϯ 380 g) had not received any corticosteroids during the neonatal period (Table 1) . Criteria for starting hydrocortisone treatment were ventilator dependency and increasing oxygen requirements.
Neonatal hydrocortisone treatment consisted of a starting dose of 5 mg/kg per day, divided into 4 doses, for 1 week. Treatment was introduced at a median age of 18 days (minimum: 4 days; maximum: 43 days), followed by a tapering course with a median duration of treatment of 26 days (minimum: 22 days; maximum: 171 days). For 2 of the 25 infants, we were unable to obtain data on the duration of hydrocortisone treatment; therefore, the 2 infants were excluded from the analysis comparing preterm infants with hydrocortisone treatment versus no treatment. Twelve preterm children with moderate/severe perinatal brain lesions (intraventricular hemorrhage [IVH] of grade III or IV, PVL of grade II or III, 17 association of PVL and IVH of grade II, or focal brain infarction) were distributed equally between the 2 groups. Neurologic examinations at the time of treatment initiation were not different between hydrocortisone-treated and untreated preterm infants.
The study was approved by the local ethics committee. Written informed parental consent was obtained for all children included in the study
MRI Acquisition
MRI scanning was performed with a 1.5-T Gyroscan ACS-NT system (Phillips Medical Systems, Best, Netherlands). For acquisition of the primary MRI data, 2 different imaging modes were applied, ie, transverse dual turbo spin echo (proton density and T2-weighted; first echo: repetition time: 4000 milliseconds; echo time: 17 milliseconds; slice thickness: 5.0 mm; gap: 1.0 mm; second echo: repetition time: 4000 milliseconds; echo time: 110 milliseconds; slice thickness: 5.0 mm; gap: 1.0 mm) and coronal inversion recovery sequences for the hippocampus (repetition time: 2933 milliseconds; echo time: 13 milliseconds; inversion time: 400 milliseconds; slice thickness: 2.0 mm, without gap).
MRI Processing
Postacquisition processing was performed on workstations (Sun Microsystems, Mountain View, CA) with specifically designed software, namely, MEDx (Sensor System, Sterling, VA) and Slicer (www.slicer.org). All brain measurements were made by a rater blinded to group affiliations. The axial slices were reformatted with MEDx to produce a three-dimensional data set, with inclusion of the gap of 1 mm. The fully automatic Brain Extraction Tool included in MEDx was used to exclude nonbrain tissue (skin, skull, and eyes) from the brain tissue assessment (Fig 1, A) . The FAST algorithm (FMRIB Automated Segmentation Tool) included in MEDx was used to segment the brain into 3 separate brain tissue classes, ie, gray matter, white matter, and cerebrospinal fluid (Fig 1, B) . The FAST algorithm is based on a hidden Markov random field model and an associated expectation-maximization algorithm. 18 The hippocampus was segmented manually on inversion recovery coronal slices of 2-mm thickness with 3D Slicer software (www.slicer.org). The segmentation was started on coro-nal slices and then completed on sagittal slices. A three-dimensional reconstruction of both hippocampi was performed to check the quality of the segmentation (Fig 2) .
Our measurement of the hippocampus included the hippocampus proper, the dentate gyrus, and the subiculum and excluded fimbria and alveus. Because the hippocampus, subiculum, and dentate gyrus are indistinguishable on the basis of tissue signal intensity on MRI scans, they were segmented as a single structure. The amygdala, parahippocampal gyrus, and crus of the fornix were excluded. The boundary between the amygdala and the head of the hippocampus and the boundary of the tail of the hippocampus were traced mainly on the sagittal plane. The tracing guidelines for the hippocampus used in this study were based on published guidelines by Obenaus et al, 19 Pantel et al, 20 and Duvernoy et al. 21 The total hippocampal volume analyzed in this study was calculated with the summation of voxels of the left and right hippocampi. Hippocampal volumes were determined by 1 rater. The mean intraobserver variability for 4 right hippocampi that were segmented twice was 2.72%. The segmentation of the brain into 3 different tissue classes was achieved with a sequence of fully automated algorithms; therefore, no intraobserver variability was determined.
Segmentation of the brain into 3 tissue classes was not possible in 3 cases because of image artifacts in the double echo image series. Segmentation of the hippocampus was not performed for 2 children because the inversion recovery image series could not be completed.
Neurocognitive Assessment
Neurocognitive assessment included several subtests of cognitive functioning of the Wechsler Intelligence Scales for ChildrenRevised (WISC-R) (Dutch version). An estimate of the full-scale WISC-R IQ score was calculated on the basis of the subtest scores for vocabulary and block design. With the procedures and tables published by Kaufman, 22 the scaled scores were converted to an estimated IQ score, which was within the 95% confidence interval of the full-scale IQ score, with a SE of the estimate of 6.3. A psychologist experienced in conducting standardized assessments with children performed all neuropsychological examinations.
Statistical Analyses
The hippocampal volume, total intracranial volume, gray matter volume, white matter volume, cerebrospinal fluid volume, and WISC-R score showed gaussian distributions. Therefore, a univariate additive model with gender as a fixed factor and intracranial volume as a covariate was chosen for analysis of cerebral gray matter, cerebral white matter, and hippocampal volumes among the 3 groups (control subjects, children born premature and treated with hydrocortisone, and children born premature and not treated with hydrocortisone). This model was established to analyze the group effect on brain tissue volume by taking into account the intrinsic variation attributable to intracranial volume and gender.
The Student's t test (␣ ϭ .05) was used to analyze the differ- 
RESULTS
Results of quantitative, volumetric, MRI analyses performed at 8 years of age and neurocognitive outcomes are presented for a group of 60 prematurely born infants and 21 infants born at term. Differences in structural and functional brain development at 8 years among preterm infants, compared with term infants, were as follows.
Effects of Prematurity
Total Intracranial Volume
Children born preterm had a similar intracranial volume, compared with children born at term, after adjustment for gender differences (mean adjusted volume: preterm: 1379 Ϯ 16 mL; term: 1398 Ϯ 26 mL; F ϭ 0.378, df ϭ 1,78, R 2 ϭ 0.293, P ϭ .541).
Gray Matter Volumes (Cerebral and Cerebellar Cortex)
Children born preterm had significantly reduced gray matter volumes, compared with control children (mean adjusted volume: preterm: 649 Ϯ 4.4 mL; term: 666 Ϯ 7.3 mL; F ϭ 4.1, df ϭ 1,74, R 2 ϭ 0.782, P ϭ .046) ( Table 2 ). After the exclusion of 12 children with brain lesions, the difference in gray matter volumes remained significant.
There was a modest but significant correlation between birth weight and gray matter volume at 8 years in the preterm group (r ϭ 0.421, P ϭ .001; regression equation: gray matter volume ϭ 0.07 · birth weight ϩ 558.76) (Fig 3) . There was no correlation between gestational age and gray matter volume (r ϭ 0.124, P ϭ .358).
Cerebral White Matter Volumes
Cerebral white matter volumes were similar between children born at term and children born preterm (mean adjusted volume: preterm: 512 Ϯ 3.8 mL;
term: 513 Ϯ 6.2 mL; F ϭ 0.017, df ϭ 1,74, R 2 ϭ 0.811, P ϭ .9).
Cerebrospinal Fluid Volumes
Cerebrospinal fluid volume was significantly increased among children born preterm, compared with children born at term (mean adjusted volume: preterm: 228 Ϯ 4.9 mL; term: 206 Ϯ 8.2 mL; F ϭ 5.112, df ϭ 1,77, R 2 ϭ 0.341, P ϭ .027).
Hippocampal Volumes
The total hippocampal volume was decreased slightly among children born preterm, compared with children born at term (mean adjusted volume: preterm: 5.86 Ϯ 0.09 mL; term: 6.16 Ϯ 0.15 mL; F ϭ 2.87, df ϭ 1,75, R 2 ϭ 0.337, P ϭ .094), with a more pronounced reduction of hippocampal volume among boys (mean adjusted volume: preterm: 6.1 Ϯ 0.13 mL; term: 6.56 Ϯ 0.2 mL; F ϭ 3.696, df ϭ 1,40, R 2 ϭ 0.25, P ϭ .06). A comparison of absolute hippocampal volumes for boys without adjustment for intracranial volume showed a significantly reduced hippocampal volume for prematurely born boys (mean volume: preterm: 6.07 Ϯ 0.69 mL; term: 6.64 Ϯ 0.91 mL; P ϭ .03).
Neurocognitive Outcomes
WISC-R scores were found to be lower for children born preterm, compared with children born at term (WISC-R score: preterm: 99.4 Ϯ 12.4; term: 109.6 Ϯ 8.8; P ϭ .001). Modest but significant correlations for the group of children born preterm were found between the gray matter volume and the WISC-R score (r ϭ 0.361, P Ͻ .01; regression equation: WISC-R score ϭ 0.074 · gray matter volume ϩ 51.08) and between the hippocampal volume and the WISC-R score (r ϭ 0.282, P Ͻ .05; regression equation: WISC-R score ϭ 4.49 · hippocampal volume ϩ 73.19).
Effects of Postnatal Hydrocortisone Treatment
Total Intracranial Volume
Total intracranial volumes were similar for preterm infants with and without postnatal hydrocortisone treatment (mean adjusted volume with gender as a covariate: preterm with hydrocortisone: 1373 Ϯ 24 mL; preterm without hydrocortisone: 1378 Ϯ 19 mL; F ϭ 0.034, df ϭ 1,0, R 2 ϭ 0.255, P ϭ .854).
Gray Matter Volumes
Gray matter volumes were similar for preterm infants with and without postnatal hydrocortisone treatment (mean adjusted volume: preterm with hydrocortisone: 650 Ϯ 7.0 mL; preterm without hydrocortisone: 640 Ϯ 5.6 mL; F ϭ 1.05, df ϭ 1,0, R 2 ϭ 0.724, P ϭ .310) ( Table 3) .
Cerebral White Matter Volumes
White matter volumes were not different after postnatal hydrocortisone treatment among children born preterm (mean adjusted volume: preterm with hydrocortisone: 503 Ϯ 6.1 mL; preterm without hydrocortisone: 510 Ϯ 4.9 mL; F ϭ 0.649, df ϭ 1,0, R 2 ϭ 0.790, P ϭ .424).
Cerebrospinal Fluid Volumes
Cerebrospinal fluid volumes were not different after postnatal hydrocortisone treatment among children born preterm (mean adjusted volume: preterm with hydrocortisone: 227 Ϯ 7.4 mL; preterm without hydrocortisone: 224 Ϯ 6.0 mL; F ϭ 0.084, df ϭ 1,0, R 2 ϭ 0.397, P ϭ .77).
Hippocampal Volumes
Hippocampal volumes were similar for preterm infants with and without postnatal hydrocortisone treatment (mean adjusted total hippocampal volume: preterm with hydrocortisone: 5.92 Ϯ 0.15 mL; preterm without hydrocortisone: 5.81 Ϯ 0.12 mL; F ϭ 0.339, df ϭ 1,0, R 2 ϭ 0.259, P ϭ .563). When analyzed separately, boys and girls did not show any differ- ence in any brain tissue volumes as a function of hydrocortisone treatment.
Neurocognitive Outcomes
Postnatal hydrocortisone treatment had no effect on the WISC-R scores (preterm with hydrocortisone: 100.8 Ϯ 13; preterm without hydrocortisone: 98.6 Ϯ 12.3; P ϭ .53).
DISCUSSION
This study, with quantitative MRI techniques, documents mild brain structural differences among children that are attributable to premature birth and persist at 8 years of age, with associated slightly lower scores in neurocognitive assessments. The structural alterations are demonstrated specifically in a reduction of cortical gray matter volume, with a compensatory increase of cerebrospinal fluid volume. Similar results were reported by Nosarti et al 23 for adolescents born very preterm. The specific reduction in brain tissue volume of cortical gray matter was also observed at term age for prematurely born infants. 24, 25 Our results also show a significant correlation of birth weight, rather than gestational age, and cortical gray matter volume at 8 years of age. This finding may suggest that prenatal factors affecting fetal growth, rather than gestational age itself, influence cortical gray matter development. 26 The hippocampus has been shown to be a cortical gray matter structure of particular vulnerability to prematurity-associated insults, resulting in hippocampal volume reduction. 23, 27, 28 Isaacs et al 27 demonstrated a significant association of hippocampal volume reduction and deficits in everyday memory capacity for a group of adolescents born before 30 weeks of gestation. In our population, overall hippocampal volume among premature infants was reduced only marginally, compared with term infants, with a more marked, significant reduction in hippocampal volume among preterm boys, compared with term boys. A male disadvantage was reported in several outcome studies of children born preterm. 29, 30 Johnson and Breslau 31 described specific learning difficulties present predominantly among male preterm infants. Isaacs et al 32 showed the importance of the size of the hippocampus in relation to developmental amnesia, indicating that hippocampal volume had an effect on specific memory functions. Interestingly, we found significant correlations of both the cortical gray matter volume and the overall hippocampal volume with the overall IQ (measured as the WISC-R score), which emphasizes a certain structure-function relationship in brain development.
The overall IQ (measured as the WISC-R score) for our population of children born preterm was lower than the score for the children born at term. Despite this significant reduction, the absolute mean value of the IQ measured for the children born preterm remained within 2 SD of the normal range. This finding might be influenced by the age at which the children are evaluated. Ment et al 33 showed possible cognitive improvement throughout childhood after premature birth. The limited number of preterm children born between 24 and 26 weeks of gestation included in this study could also explain the rather high IQ score for this group of preterm infants.
No differences in total intracranial volume, cerebral gray matter volume, white matter volume, and cerebrospinal fluid volume were observed after hydrocortisone treatment. Brain tissue volumes in the treated and untreated groups were similar despite differences in gestational age, birth weight, and the numbers of infants treated with mechanical ventilation, surfactant, and inotrope, favoring the untreated group. This is in contrast to a study of perinatal dexamethasone exposure among preterm infants at term, which found a reduction of 30% in cortical gray matter volume after dexamethasone treatment for chronic lung disease. 14 The increased sensitivity of the hippocampus to corticosteroids and chronic psychosocial stress is well known. 34, 35 The exposure to hydrocortisone in our study did not have any lasting effect on hippocampal volume at 8 years of age. There are no other studies addressing directly the effect of postnatal corticosteroid treatment on hippocampal volume among human subjects.
In our study, the preterm infants received hydrocortisone at a starting dose of 5 mg/kg per day, equivalent to one third of the glucocorticoid activity of a dexamethasone dosage of 0.5 mg/kg per day, as used in most published studies. Moreover, the biological half-life of hydrocortisone is 5 times shorter than that of dexamethasone, which reduces the risk of cumulative dosing. 36 Aside from the differences in the glucocorticoid activity and half-life of hydrocortisone, several mechanisms could explain the absence of significant effects of hydrocortisone on brain development. Both hydrocortisone and dexamethasone can cross the blood-brain barrier. 37, 38 Hydrocortisone, however, binds preferentially to the mineralocorticoid receptors in the brain, 38, 39 whereas dexamethasone binds preferentially to the glucocorticoid receptor. In neuronal cells of the dentate gyrus, this binding to the glucocorticoid receptor was shown to induce the expression of the proapoptotic molecule Bax. 40 The exacerbation by dexamethasone of neuronal cell death through apoptosis in the dentate gyrus was also described by Hassan et al, 41 who demonstrated a neuroprotective effect of corticosterone, the physiologic form of hydrocortisone, in rats.
Both the structural development at 8 years of age and the neurofunctional outcomes measured with a standardized neurocognitive assessment scale did not differ for the children treated with hydrocortisone. This is in agreement with the outcome data of the recently published comparison study of postnatal hydrocortisone and dexamethasone treatment, with favorable outcomes for hydrocortisone-treated infants, 16 and is in contrast to several studies that examined neurocognitive outcomes after dexamethasone treatment, which showed significant associations with neurodevelopmental delays. 6, 42 
CONCLUSIONS
We were able to show that prematurity affects long-term structural and functional brain develop-ment. Furthermore, this study showed that postnatal hydrocortisone treatment for chronic lung disease had no effect on cerebral brain tissue volumes, no effect on hippocampal development, and no negative effect on neurocognitive outcomes at 8 years of age. These findings have potentially important implications for the treatment of chronic lung disease in the neonatal period.
